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Abstract We emphasize the complementarity of timelike and spacelike studies of deep ex- 
clusive processes, taking as an example the case of timelike Compton Scattering (TCS) i.e. 
the exclusive photoproduction of a lepton pair with large invariant mass, vs deeply virtual 
Compton scattering (DVCS) i.e. the exclusive leptoproduction of a real photon. Both am- 
plitudes factorize with the same generalized parton distributions (GPDs) as their soft parts 
and coefficient functions which differ significantly at next to leading order in a,. We also 
stress that data on TCS at very high energy should be available soon thanks to the study of 
ultraperipheral collisions at the LHC, opening a window on quark and gluon GPDs at very 
small skewness. 
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►..^ ', 1 Introduction 

The study of the deep structure of the nucleon has been the subject of many developments 
f^ . in the past decades and the concept of generalized parton distributions has allowed a break- 

er ' through in the 3 dimensional description of the quark and gluon content of hadrons. Deep 

r — , exclusive reactions have been demonstrated to allow to probe the quark and gluon content of 

f~^ ' protons and heavier nuclei. Results on DVCS El obtained at HERA and JLab already allow 

to get a rough idea of some of the GPDs (more precisely on Compton form factors) in a re- 
stricted but interesting kinematical domain |2|. An extended research program at JLab@ 12 
GeV and Compass is now proposed to go beyond this first set of analysis. This will involve 
taking into account next to leading order in a, and next to leading twist contributions 13J. 
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Fig. 1 Real photon-proton scattering into a lepton pair and a proton. 



2 TCS vs dVCS 

A considerable amount of theoretical and experimental work has been devoted to the study 
of deeply virtual Compton scattering (DVCS), i.e., y*/? -^ yp, an exclusive reaction where 
generalized parton distributions (GPDs) factorize from perturbatively calculable coefficient 
functions, when the virtuality of the incoming photon is high enough 0]. It is now recog- 
nized that the measurement of GPDs should contribute in a decisive way to our understand- 
ing of how quarks and gluons assemble into hadrons |5 1. In particular the transverse location 
of quarks and gluons become experimentally measurable via the transverse momentum de- 
pendence of the GPDs [6J. 

The physical process where to observe the inverse reaction, timelike Compton scattering 
(TCS) Q, 

Y{q)N{p)^f{q')N{p') (1) 

is (see Fig. 1) the exclusive photoproduction of a heavy lepton pair, yN ^ n^fi^ N or yN ^ 
e+e^ A', at small t = (p' — p)^ and large timelike virtuality q''^ = 2'^ of the final state photon; 
TCS shares many features with DVCS. The Bjorken variable in that case is T = 2'^/.? with 
s= {p + q)^. One also defines A = p' — p {t = A^) and the skewness variable f] as 
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X and rj represent plus-momentum fractions 

_ jk+k'r „^. {p-pT 

"" {P+P')+'^^ {p+pT' 

At the Bom order, the TCS amplitude is described by the handbag diagrams of Fig. 2. 

As in the case of DVCS, a purely electromagnetic mechanism where the lepton pair is 
produced through the Bethe-Heitler (BH) subprocess (see Fig. 3) 

r{q)f{A)^e+e- , 

contributes at the amplitude level. This amplitude is completely calculable in QED provided 
one knows the nucleon form factors at small A^ = t. This process has a very peculiar angular 
dependence and overdominates the TCS process if one blindly integrates over the final phase 
space. One may however choose kinematics where the amplitudes of the two processes are 
of the same order of magnitude, and either subtract the well-known Bethe-Heitler process 
or use specific observables sensitive to the interference of the two amplitudes. Finally some 
kinematical cuts may allow to decrease sufficiently the Bethe Heitler contribution. 




Fig. 2 Handbag diagrams for tiie Compton process in tiie scaling limit. The plus-momentum fractions x, t, , 
r\ refer to the average proton momentum j (p + p') . In the DVCS case, ^ = T\ while in the TCS case i^ = — 7] . 
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Fig. 3 The Feynman diagrams for the Bethe-Heitler amplitude. 
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Fig. 4 Kinematical variables and coordinate axes in the yp and l^i cm. frames. 




The kinematics of the y{q)N{p) — ^ l^ {k)t^ (1<!)N {p') process is shown in Fig.|4l In the 
£+£^ center of mass system, one introduces the polar and azimuthal angles Q and (p of k, 
with reference to a coordinate system with 3-axis along — p' and 1- and 2-axes such that p 
lies in the 1-3 plane and has a positive 1 -component. 

This program has not yet been experimentally successful fSl due to the existing limited 
quasi real photon flux in the right kinematical domain both at JLab and HERA. This will be 
much improved with the JLab@ 12 GeV program, both in Hall B (9| and in Hall D. These 
experiments will enable to test the universality of GPDs extracted from DVCS and from 
TCS, provided NLO corrections are taken into account. Experiments at higher energies, e.g. 
in ultraperipheral collisions at RHIC and LHC |10|, may even become sensitive to gluon 
GPDs which enter the amplitude only at NLO level. 
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Fig. 5 (a) The BH cross section integrated over 8 e [n/4,37t/A], (p e [0,2;r] , Q'^ e [4.5,5.5]GeV2, \t\ e 
[0.05, 0.25] GeV, as a function of yp cm. energy squared i. (b) Tlie BH cross section integrated over (p G 
[0,2;r] , \t\ e [0.05, 0.25] GeV^ and various ranges of : [;r/3,2;r/3] (dotted), [;r/4,3:T/4] (dashed) and 
[;r/6,5;t/6] (solid), as a function of Q'^ for i = 10^ GeV" 



3 TCS in ultraperipheral reactions 

We estimated the different contributions to the lepton pair cross section for ultraperipheral 
collisions at the LHC. Since the cross sections decrease rapidly with Q'^, we are interested 
in the kinematics of moderate 2'^, say a few GeV^, and large energy, thus very small values 
of rj . Note however that for a given proton energy the photon flux is higher at smaller photon 
energy. 

• The Bethe Heitler cross section 

The full Bethe Heitier cross section integrated over 6 e [tz/ 4,37: /4], (p e [0,2;r] , Q'^ e 
[4.5,5.5]GeV^, \t\ 6 [0.05, 0.25] GeV^, as a function of yp energy squared i is shown on Fig. 
|5] We see that in the limit of large s it is constant and equals 28.4pb. On Fig.|5j3, the Bethe 
Heitler contribution is shown as a function of Q'^ when it is integrated over (p in the range 
[0,2;r], —t in the range [0.05,0.25]GeV^ and for G integrated in various ranges [7i/3,2k/3], 
[n/4,37z/4] and [7i/6,5k/6\. As anticipated, the cross section grows much when small 6 
angles are allowed. In the following we will use the limits [k/4,3k/4] where the cross 
section is sufficiently big but does not dominate too much over the Compton process. 

• The TCS cross section 

On Fig.|7]we plot the leading order Compton cross section Ores as a function of the photon- 
proton energy squared s. For very high energies Ores calculated with jip = 6GeV^ is much 
bigger then with fij = 4GeV^. Also predictions obtained using LO and NLO GRVGJR2008 
PDFs differ significantly. 

• The interference cross section 

Since the amplitudes for the Compton and Bethe-Heitler processes transform with opposite 
signs under reversal of the lepton charge, the interference term between TCS and BH is odd 
under exchange of the £+ and £^ momenta. It is thus possible to project out the interference 
term through a clever use of the angular distribution of the lepton pair. The interference part 
of the cross-section for yp -^ £^£^ p with unpolarized protons and photons has a character- 
istic (0, (p) dependence given by (see details in j lOl ) 
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Fig. 6 Gtcs 2s a function of yp cm. energy squared i, for GRVGJR2008 LO (a) and NLO (b) parametriza- 
dons, for different factorization scales ^p = 4 (dotted), 5 (daslied), 6 (solid) GeV~. 
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Fig. 7 (Jjcs 2s a function of yp cm. energy squared s, for GRVGJR2008 LO (a) and NLO (b) parametriza- 
tions, for different factorization scales flp = 4 (dotted), 5 (dashed), 6 (solid) GeV . 



with 



M - 



2^to - f 1 - T] 

1 + r] 



M 



Fi,m 



n{Fi+F2)J^i-^j^F2. 



(2) 



where -fo = 47]^M^/(1 - rj^) and J^, Jf , S' are Compton form factors. With the integration 
limits symmetric about d = njl the interference term changes sign under (p — )• ;r + 9 due to 
charge conjugation, whereas the TCS and BH cross sections do not. One may thus extract 
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the Compton ampHtude through a study of \ d(j) cos • 

b 

In Fig. [8] we show the interference contribution to the cross section in comparison to the 
Bethe Heitler and Compton processes, for various values of photon proton energy squared 
s = lO^GeV^, lO^GeV^. We observe that for larger energies the Compton process domi- 
nates, whereas for s = 10^ GeV^ all contributions are comparable. 

In conclusion, timelike Compton scattering in ultraperipheral collisions at hadron colliders 
opens a new way to measure generalized parton distributions, in particular for very small 
values of the skewness parameter. Our leading order estimate show that the factorization 
scale dependence of the amplitudes is quite high. This fact demands the understanding of 
higher order contributions with the hope that they will stabilize this scale dependence. 





Fig. 8 The differential cross sections (solid lines) for t = — 0.2GeV , Q' = 5GeV integrated over 9 = 
[;r/4, 3 7r/4] , as a function of (p, for s = lO' GeV^ (a), i = 1 0'' GeV^ (b) with p.} =5 GeV- . We also display 
the Compton (dotted), Bethe-Heitler (dash-dotted) and Interference (dashed) contributions. 



4 NLO corrections 

TCS and DVCS amplitudes are identical (up to a complex conjugation) at lowest order in as 
but differ at next to leading order, in particular because of the quite different analytic struc- 
ture of these reactions. Indeed the production of a timelike photon enables the production 
of intermediate states in some channels which were kinematically forbidden in the DVCS 
case. This opens the way to new absorptive parts of the amplitude. 

Our calculations 1111 are performed along the lines of |[12| (see also 1 13|). We shall not 
repeat here the results but focus on important differences between the coefficient functions 
describing the TCS case and those describing DVCS. First, the p^ + ie prescription for prop- 
agators turns into a T] -^ rj +ie, rather then a r; — >■ r; — /e as in the DVCS case. The second 
difference is the presence of minus signs under the logarithms, which produce additional 
terms. Particularly log^(— 2— ie) present in the TCS result may produce correction much 
bigger then the corresponding log (2) in the DVCS case. Another important difference be- 
tween the DVCS and TCS amplitudes appear in their imaginary part, which is present only 
in the DGLAP region for DVCS, while it is present in both DGLAP and ERBL regions for 
TCS. Defining the quark and gluon coefficient functions as 
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where Cg is the Born order coefficient function and /if is the factorization scale. C^^n and 



C^^ii are directly related to the evolution equation kernels. 

To discuss the difference of the coefficient functions Cirjrs) 
magnitude of corrections we define the following ratio: 
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of the NLO quark correction to the coefficient function, to the Born level one. Let us restrict 
us to the factorization scale choice ju| = |2^|. On Fig.|9]we show the real and imaginary 
parts of the ratio R'' in timelike and spacelike Compton Scattering as a function of x in the 
ERBL (left) and DGLAP (right) region for r] = 0.3. We fix Us = 0.25 and restrict the plots to 
the positive x region, as the coefficient functions are antisymmetric in that variable. We see 
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Fig. 9 Real (solid line) and imaginary (dashed line) part of the ratio /?' of the NLO quark coefficient function 
to the Bom term in Timelike Compton Scattering (up) and Deeply Virtual Compton Scattering (down) as a 
function of x in the ERBL (left) and DGLAP (right) region for r} = 0.3, for /i| = \Q^\. 




Fig. 10 Ratio of the real (solid line) and imaginary (dashed line) part of the NLO gluon coefficient function 
in TCS to the same quantity in DVCS as a function of x in the DGLAP region for rj = 0.05 for ^| = | Q^ | . 



that in the TCS case, the imaginary part of the amplitude is present in both the ERBL and 
DGLAP regions, contrarily to the DVCS case, where it exists only in the DGLAP region. 
The magnitudes of these NLO coefficient functions are not small. We see that the importance 
of these NLO coefficient functions is magnified when we consider the difference of the 



coefficient functions C?,^^^>' 



■ C^inyrs) ■ ^^^ conclusion is that extracting the universal 



GPDs from both TCS and DVCS reactions requires much care. 

Let us now briefly comment on the gluon coefficient functions. The real parts of the 
gluon contribution are equal for DVCS and TCS in the ERBL region. The differences be- 
tween TCS and DVCS emerges in the ERBL region through the imaginary part of the co- 
efficient function which is non zero only for the TCS case and is of the order of the real 

c'' 
part. In Fig. [10] we plot the ratio ,,''''^"' of the NLO gluon correction to the hard scattering 

^ 1 (DVCS) 

amplitude in TCS to the same quantity in the DVCS in the DGLAP region for 7] = 0.05. 



More phenomenological studies need now to be performed, by convoluting the coeffi- 
cient functions to realistic quark and gluon GPDs and calculating the relevant observables 
in various kinematical domains. We are now progressing on these points. 
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